This review summarizes recent preclinical and human studies evaluating allergen-specific immunotherapy via the transcutaneous route, and provides a rationale for the application of modified allergens with reduced allergenicity. Furthermore, it covers approaches to generate hypoallergenic conjugates for specific dendritic cell targeting.
INTRODUCTION
Despite the proven clinical efficacy of standard allergen-specific immunotherapy (SIT) performed by subcutaneous injection (SCIT) or sublingual application (SLIT), only a small percentage of allergic patients decide to undergo this laborious and time-consuming procedure, and dropout rates are considerable [1] . Alternative approaches aiming at enhanced efficacy to reduce treatment duration and number of interventions, while simultaneously providing a high-safety profile, are under intense investigation. Among these, intranodal [2, 3] and cutaneous administration of allergens represent the most promising routes. This article provides an overview on experimental approaches for allergen immunotherapy via the cutaneous route (see Table 1 
TRANSCUTANEOUS IMMUNOTHERAPY
The most obvious advantages of the skin over other target tissues are its easy accessibility, abundance of immunologically competent cell types, efficient drainage by the lymphatic system, and, with regard to its superficial layers, lack of vascularization [16] . Allergen-specific immunotherapy via the skin was originally introduced by Blamoutier et al. [17] as early as 1959 by application of an allergen extract to an area at the volar forearm, which had been pretreated by scratching with a needle. Recently, two different methods to enhance uptake of allergen by skin have been evaluated in clinical trials: skin barrier disruption by adhesive tape stripping, and increasing skin permeability via hydration by placing an occlusive chamber onto intact skin [5 & ,7] . In the initial study evaluating epicutaneous immunotherapy on barrier-disrupted skin, patients received a total of 12 patches, containing a grass pollen extract in vaseline, for 48 h at weekly intervals, prior to and during the pollen season. The skin area at the upper arm or shoulder was tape stripped six times before patch application. According to the authors, this pretreatment enhanced uptake of the extract, due to partial removal of the cornified skin layer, and activated keratinocytes to produce proinflammatory cytokines thus promoting migration of Langerhans cells from the skin to the draining lymph nodes. Treated patients showed decreased scores in the first and second year after therapy (nasal provocation tests); however, the effect was not significant compared with a placebo group [4] . For a larger follow-up study, extracts were applied in aqueous solution, and treatment time as well as total number of treatments were reduced, while allergen
KEY POINTS
Transcutaneous immunotherapy is a painless and effective alternative to subcutaneous and sublingual immunotherapy.
Immunotherapy via the skin with natural allergens is problematic because of local and systemic side-effects and the potential for de-novo IgE induction.
Carbohydrate coupling of allergens specifically targets APCs and renders the therapeutic molecules hypoallergenic. Balanced systemic TH1/TH2 response; decreased nasal symptoms Garaczi et al. [15] dosage was enhanced. Symptom amelioration was comparable with the initial study, but a decline in local adverse reactions during the therapeutic schedule could be observed. The authors suggest development of peripheral T-cell tolerance as the underlying immunological mechanism of the therapeutic efficacy of epicutaneous immunotherapy [5 & ].
Another approach for transcutaneous immunotherapy utilized the Viaskin epidermal delivery system, which originally was developed for allergy diagnosis. Its applicability for epicutaneous immunotherapy was first tested in mouse models [10, 11] , and subsequently in a clinical study [7] with children allergic against cow's milk. This method utilizes an occlusive chamber on intact skin for 48 h, thus triggering perspiration and generating moisture, which both hydrates the superficial skin layer as well as dissolves the lyophilized allergens loaded onto a central polyethylene membrane. In contrast to tape stripping, allergens applied using this delivery system in a mouse model were not passively taken up but actively transported by skin resident dendritic cells to local lymph nodes. After repeated application, an increase in allergenspecific regulatory responses was observed [12] . A significant reduction of systemic T helper 2 type responses and esophageal eosinophilia could be detected after treatment of peanut-sensitized mice via intact skin followed by oral allergen exposure. In contrast, treatment via tape-stripped skin even promoted T helper 2 responses and localized eosinophilic infiltration [13,14 & ]. In another mouse model, the skin at the site of antigen application was prepared with a spongelike device to partly remove the stratum corneum and to activate Langerhans cells, followed by the application of a DNA vaccine encoding the model allergen ovalbumin, formulated as mannosylated polyethylenimine nanoparticles (DermAll). The results indicated a therapeutic effect, including a decrease in nasal symptoms and a modulation of the systemic T helper 2 type response [15] .
Laser poration may provide an effective and easy-to-standardize alternative technique to disrupt the skin barrier for immunotherapy. We could recently demonstrate therapeutic efficacy in an asthma mouse model by application of an adjuvant-free preparation of recombinant grass pollen allergen via laser-generated micropores. In comparison to conventional SCIT, therapy via the transcutaneous route demonstrated equal efficacy, but showed reduced adverse effects [8 & ]. Besides the promising outcomes of the aforementioned preclinical and clinical studies of specific immunotherapy via the cutaneous route, barrier-disrupted skin has also been described to represent a major route for allergic sensitization [18] . Most likely, a complex network of interactions between skin resident and associated cell types including keratinocytes [19] , gamma-delta T cells [20] , Langerhans cells [21 & ], dendritic cells [22] , and mast cells [23] accounts for the allergy-promoting potential of antigen delivery via the skin.
As the dermis is rich in mast cells, combining high-allergen doses with efficient barrier disruption techniques is also likely to induce localized or even systemic side-effects. Indeed, such adverse events including pruritus, erythema, wheals, and eczema, mainly being restricted to the site of application, have been described [5 & ,7] . In rare cases even systemic allergic reactions were reported, comparable to side-effects known from standard SIT, which required treatment and led to study exclusion [5 & ]. Therefore, neither natural allergen extracts, as currently used for SIT, nor 'wild type' recombinant allergens will fulfill the safety criteria for future transcutaneous approaches. In the next section, we will discuss experimental approaches that address these issues.
NOVEL ALLERGEN CONJUGATES FOR TRANSCUTANEOUS IMMUNOTHERAPY
A vaccine for transcutaneous immunotherapy of allergic diseases has to meet the following requirements:
(1) a delivery system which enables to bypass the skin barrier; (2) addition of adjuvants to suppress de-novo TH2 priming; (3) in-vivo targeting of skin resident DCs to enhance vaccine potency and thus to shorten duration of therapy; (4) usage of hypoallergenic allergen derivatives to avoid cross-linking of preexisting IgE on mast cells.
The first two aspects have been addressed in recent publications [9, 24, 25] ; therefore, the following paragraphs will focus on strategies concerning points (3) and (4).
Targeting of dendritic cells
Antigens can be delivered to dendritic cells by either passive uptake or via binding to specific receptors. Passive targeting of dendritic cells has been achieved by particulate antigen formulations such as polymeric beads or virus-like particles [26] . Similarly, pH-sensitive nanoparticles and hydrogels have been successfully employed for delivering antigen to dendritic cells [27, 28] . Active targeting of dendritic cells has been shown using antibodies or antibody fragments against dendritic cell receptors such as MHCII, CD36, CD11c [29] [30] [31] , and C-type lectin receptors (CLRs) [32] . [32] .
Shaping the immune response by C-type lectin receptor targeting
Targeting antigen to specific receptors on dendritic cells is not only an efficient means to increase antigen uptake and enhance immunity but can also be used to shape the immune response to individual needs. Specific antibody conjugates addressing different surface molecules on dendritic cells have been intensely studied to elucidate the role of different dendritic cell subsets and CLRs in modulating immunity. Several studies have demonstrated that the activation status of APCs plays a dominant role, for example, immunization with antigen-antibody conjugates under inflammatory conditions leads to TH1 responses, independently whether the antigen is targeted to the CLR DEC-205 [33] , Langerin, Clec9A [34] , or the Ig superfamily member Treml4 [35] . Notably in this context, activated B-cells can also take up antigen via DEC-205 and act as potent T-cell activators [36 && ]. In contrast, immunization under non-inflammatory (steady state) conditions results in tolerance induction. Langerin þ migratory dendritic cells, but not lymph node resident dendritic cells, have been identified as major Treg inducers, independently of the source of the dendritic cell (skin vs. lung) or the targeted receptor [37 && ]. Although subclass and activation status of dendritic cells seem to be dominant factors for T-cell activation and polarization, CLRs have a significant impact on immunity via their role as pattern recognition receptors (PRR). For example, the fungal receptor dectin-1 initiates TH1/TH17 immune responses [38] through a noncanonical caspase-8 inflammasome pathway [39] , and similarly, Clec5a is crucial for inflammasome activation after viral infections [40, 41] . The TH17-polarizing activity of the mycobacterial adjuvant cord factor (trehalose-6,6
0 -dimycolate) is highly dependent on the CLR Mincle (Clec 4e) [42] and its homologue MCL (Clec4d) [43] . Additionally, CLRs also act as modulators of immune polarization together with other innate immune receptors such as toll-like receptors (TLR). Stimulation of DC-SIGN with mannoseexpressing pathogens, for example, modulates the TLR4 signaling pathway and enhances the expression of IL-10, IL-12 and IL-6, while fucose-expressing pathogens enhance TH2 immunity by downregulating IL-12 [44] . Signaling through the macrophage galactose (MGL) CLR synergizes with TLR2 in enhancing IL-10 and TNF-a expression [45] . Besides acting as a direct inducer of inflammasome activation, dectin-1 inhibits TLR9 signaling via SOCS1, thereby downregulating IL-12 and promoting TH17 responses [46] .
Role of C-type lectin receptors in allergenicity
CLRs, like other PRRs, have coevolved with pathogens to provide immunity against viruses, bacteria, parasites and fungi. Consequently, CLRs specific for conserved carbohydrates on the surface of different pathogens can trigger different types of immune responses, such as TH1 for clearance of intracellular bacteria and viruses, TH17 for antifungal responses, and TH2 for providing protection against extracellular bacteria and parasites [47] . In recent years, evidence has accumulated indicating that CLRs also play an important role in the uptake of allergens and promotion of allergic immune responses. The mannose receptor and DC-SIGN have been identified as important receptors for glycosylated allergens such as Der p 1, Der p 2, Ara h 1, Bla g 2, Fel d 1, and Can f 1 [48] [49] [50] [51] . Uptake of allergen via the mannose receptor seems to amplify TH2 type responses by suppressing pro-inflammatory signals and inducing CCL22 and CCL17, two chemokines which attract CCR4 positive TH2 cells [52] . However, mannose receptor ligation can also act synergistically with TLR4 activation to induce TNF-a secretion [53] . Moreover, depending on the mouse strain, TLR4 and mannose receptor activation was shown to be crucial for the priming of TH1 promoting M1 macrophages during fungal infection [54] . Interestingly, mannosylated allergens can also be taken up by DC-SIGN favoring TH1 immune polarization [51] . These data indicate that a complex interplay between CLRs, TLRs, and genetic factors influences the outcome of allergen uptake and presentation to T cells. Vaccination strategies utilizing CLR-mediated targeting of allergens for specific immunotherapy therefore likely will require activation of several innate receptors [55] to induce robust immunity with a clear polarization profile. 
Carbohydrate-coupled allergens as novel therapeutics for specific immunotherapy
There are very few examples of targeting allergens to APCs through CLRs in the literature; however, recent data suggest that carbohydrate-coupled allergens are attractive candidates for SIT (Fig. 1) .
Coupling of the major cat allergen Fel d 1 to 2 mm sepharose beads (CBP-Fel d 1) was shown to enhance antigen uptake by dendritic cells [57] . In a mouse model for cat allergy, subcutaneous injection of CBP-Fel d 1 microparticles generated strong IgG1 and IgG2a antibody responses while suppressing airway inflammation and inducing specific T-cell anergy. The particles exhibited a longer lasting depot effect than alum thus preventing systemic antigen spreading. Fel d 1-loaded dendritic cells and Langerhans cells, but not macrophages, were detected in draining lymph nodes and spleen suggesting a critical role for these cells in antigen processing and presentation [58] . However, the observed therapeutic effect was mainly associated with antigen persistence at the site of immunization rather than with specific CLR targeting of dendritic cell subsets.
Another interesting dendritic cell-targeting approach focused on the model allergen ovalbumin (OVA) coupled to chitosan in a therapeutic mouse model mimicking SLIT. The conjugate induced enhanced antigen uptake, processing and presentation by bone marrow derived dendritic cells as well as oral APCs. Furthermore, the therapeutic effect, that is, reduction of airway hyperresponsiveness, lung inflammation and eosinophilia, was clearly associated with antigen-specific tolerance [59] . A recent study demonstrated that both, soluble OVA as well as particulate OVA-chitosan, are taken up by the same APC populations, but the uptake was significantly increased with OVA-chitosan nanoparticles. Interestingly, in this model, CD11b
þ oral macrophage-like cells rather than dendritic cells captured the majority of the antigen, and were shown to induce Foxp3 þ Tregs in draining lymph nodes [60] .
Our group has recently explored carbohydratemediated targeting of allergens to dendritic cells, and its influence on immunogenicity and allergenicity. Protein-carbohydrate complexes of papain and OVA were generated, and their allergenic potential (the capacity to cross-link surface bound IgE), dendritic cell-targeting in vivo and in vitro, and their immunogenicity were assessed [56 & ]. We found that coupling carbohydrates to the protein surface can mask B-cell epitopes, thus making the protein 'hypoallergenic' (decreased binding and crosslinking of IgE antibodies directed against the native allergen). Interestingly, coupling of either mannan, dextran, or maltodextrin reduced the allergenic potential of papain, but not OVA [56 & ]. An explanation for this effect could be the drastically reduced coupling efficiency for OVA at the used carbohydrate/protein ratio, probably leading to less effective shielding of B-cell epitopes. Building on these data, we were able to modulate the allergenic potential of the major birch pollen allergen Bet v 1 by using different protein to carbohydrate ratios (Fig. 2) . This clearly indicates that hypoallergenicity of neoglycoconjugates depends on the carbohydrate, the allergen, and also the chemistry employed for the coupling reaction. Finally, we have shown that mannan-protein conjugates were efficiently captured by dendritic cells, both in vitro as well as in vivo (Fig. 3a) . Moreover, intradermal immunization of mannan-neoglycoconjugates elicited elevated IgG titers (Fig. 3b) while suppressing de-novo IgE induction, compared with soluble antigen (Fig. 3c) [56 & ]. 
CONCLUSION
Transcutaneous immunotherapy of allergy is an attractive alternative to current therapeutic interventions, provided that the skin-inherent TH2-polarizing milieu and the potential for local and systemic side effects can be overcome. Hypoallergenic neoglycoconjugates have the potential to fulfill these requirements by specific targeting of dendritic cells, and modulating the immune profile. However, further innate immune receptors may have to be addressed in order to generate a robust and well tolerated immunotherapy platform. Such novel therapies would be ideally suited for application in children, and for treatment of food allergies (especially peanut allergy), which cannot be treated via the subcutaneous or sublingual route due to safety concerns. 
